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Telomere Dynamics and Telomerase in the
Biology of Hair Follicles and their Stem
Cells as a Model for Aging Research
Rivka C. Stone1, Abraham Aviv2 and Ralf Paus1,3,4
In this review, we propose that telomere length dynamics play an important but underinvestigated role
in the biology of the hair follicle (HF), a prototypic,
cyclically remodeled miniorgan that shows an
intriguing aging pattern in humans. Whereas the HF
pigmentary unit ages quickly, its epithelial stem cell
(ESC) component and regenerative capacity are surprisingly aging resistant. Telomerase-deficient mice
with short telomeres display an aging phenotype of
hair graying and hair loss that is attributed to impaired
HF ESC mobilization. Yet, it remains unclear whether
the function of telomerase and telomeres in murine
HF biology translate to the human system. Therefore,
we propose new directions for future telomere
research of the human HF. Such research may guide
the development of novel treatments for selected
disorders of human hair growth or pigmentation (e.g.,
chemotherapy-induced alopecia, telogen effluvium,
androgenetic alopecia, cicatricial alopecia, graying). It
might also increase the understanding of the global
role of telomeres in aging-related human disease.
Journal of Investigative Dermatology (2021) 141, 1031e1040; doi:10.1016/
j.jid.2020.12.006

INTRODUCTION
The human hair follicle (HF) is a miniorgan that offers a
unique perspective for aging research (Al-Nuaimi et al.,
2010; Schneider et al., 2009; Sikkink et al., 2020). Progressive hair graying from the third decade onward (O’Sullivan
et al., 2020) contrasts with the accelerated growth of
eyebrow, auricular, and nostril hair with advancing age (Paus,
2011; Tobin and Paus, 2001; Trüeb and Tobin, 2010) and the
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HF’s ability to maintain an effective defense system against
oxidative stress and DNA damage (Haslam et al., 2017;
Kobayashi et al., 2005; Paus et al., 2014). The human HF also
shows aging-associated changes in hair shaft structure, keratin expression pattern, elasticity, and luster (Giesen et al.,
2011; Trüeb and Tobin, 2010; Van Neste and Tobin, 2004;
Williams et al., 2020). However, the biological basis of human HF aging and graying remains understudied. For
instance, in humans, it is still unclear why the HF pigmentary
unit (HFPU) ages unusually fast and is so sensitive to oxidative damage (O’Sullivan et al., 2020), whereas the aging of
epithelial HF stem cells (SCs) in the bulge is much slower
than that of epithelial tissues elsewhere in the human body
(Purba et al., 2014; Rittié et al., 2009).
Human HFs are exquisitely well-equipped with an array of
antiaging implements. These include (i) local production of
effective antioxidants, among which both melanin and melatonin are particularly efficient (Fischer et al., 2008; Kobayashi
et al., 2005); (ii) synthesis of ROS scavenging and DNA repair
enzymes; (iii) rapidly inducible oxidative damage response
controls such as NRF2 activity (Haslam et al., 2017; Slominski
et al., 2018); and (iv) intrafollicular synthesis of neurohormones such as thyroid-stimulating hormone and thyroidreleasing hormone that augment mitochondrial function and
activity (Paus et al., 2014; Vidali et al., 2014) (Figure 1).
In this light, the most proliferative component of the HF,
that is, the hair matrix epithelium during anagen (growth)
phase, shows prominent telomerase activity (TA) (Ramirez
et al., 1997), the reverse transcriptase that elongates telomeres (Blackburn and Collins, 2011; Cong et al., 2002; Grill
and Nandakumar, 2020; Nagpal and Agarwal, 2020).
Therefore, the striking regenerative capacity of the human HF
(Gao et al., 2019; Paus et al., 2013) and some of the resistance of its epithelial (but not melanocyte [MC]) SCs (ESCs) to
the detrimental effects of aging might originate in telomeredependent pathways (Aviv and Shay, 2018).
This review examines the current knowledge of telomere
length (TL) dynamics (TL and its shortening) and TA in the HF,
mainly from the perspective of how they might impact the
aging of this miniorgan. Because almost all our information
on telomere dynamics and telomerase functions in the
biology of HFs and their SCs originates from genetically
engineered mice, we explain why it is both clinically
important and biologically instructive to systematically
explore telomere biology in the human HF. Furthermore, we
suggest that the importance of this as yet uncharted domain
of skin research extends well beyond hair biology and pathogenesis. We close by defining major open questions and
delineating potential therapeutic strategies that target TL
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dynamics in human HFs and some of their diseases, which
negatively impact the QOL.
PRINCIPLES OF TELOMERE DYNAMICS IN SOMATIC
TISSUES

genetics, it is evident that TL is a consequential human trait.
These findings might be relevant when evaluating HF TL
dynamics, which likely vary across different HF compartments and reflect a balance between the pace of cell replication and TA.

Global view of telomeres and telomerase

Mammalian telomeres consist of TTAGGG tandem repeats
and associated binding proteins, which cap and protect the
ends of chromosomes (Blackburn, 2005). As somatic cells
divide, their telomeres experience progressive shortening,
ultimately reaching a critically short length that triggers
irreversible cell cycle arrest known as replicative senescence
(Campisi et al., 2001), which contributes to the aging of tissues and organs in vivo (Harley, 1991; van Deursen, 2014).
Telomerase is a reverse transcriptase that adds back telomeric
repeats to the chromosome ends and thus offsets telomeric
attrition (Greider, 1990); in mammals, TA in somatic tissues
tends to be inversely correlated with body size (Gorbunova
and Seluanov, 2009; Seluanov et al., 2007), whereas TL is
inversely related to lifespan (Gomes et al., 2011). Telomeric
repeats are hypersensitive to damage and refractory to repair,
and telomere shortening can occur as a result of DNA
damage inflicted by ROS as well as by UV light (Rochette and
Brash, 2010; von Zglinicki, 2002).
TL dynamics in mice versus humans

In contrast to mice, humans display short telomeres and
repressed TA in somatic tissues (Gomes et al., 2011;
Gorbunova and Seluanov, 2009; Seluanov et al., 2007). Mice
with genetically engineered deficiencies in telomerase and
telomere maintenance proteins display shortened lifespan in
association with shortened telomeres, but several generations
are required to achieve that critically short TL (Blasco et al.,
1997; Buckingham and Klingelhutz, 2011; Lee et al., 1998).
Therefore, mouse models are more representative of human
monogenic telomere biology disorders (Savage, 2018) in
which mutations in individual telomere-associated genes
confer critically short telomeres, and the mouse model may
be less useful in modeling complex human traits that underlie
aging and its related diseases.
Population-based telomere research has principally used
leukocyte TL (LTL) as a proxy for TL in other somatic cells. A
body of LTL research suggests that TL is a key factor in agingrelated diseases (Aviv and Shay, 2018; Aviv et al., 2017,
2015; Stone et al., 2016). This view is based on the following
findings. First, the variation in TL within somatic tissues of the
individual is much smaller than the interindividual TL variation. Thus, persons with short LTL display short TL in other
tissues (Daniali et al., 2013; Okuda et al., 2002; Sabharwal
et al., 2018; Youngren et al., 1998). Second, LTL is highly
heritable (Broer et al., 2013; Hjelmborg et al., 2015;
Slagboom et al., 1994). Third, although LTL experiences
progressive shortening with aging, having long or short LTL is
usually determined before adulthood (Benetos et al., 2013;
Daniali et al., 2013; Factor-Litvak et al., 2016; Sabharwal
et al., 2018). Fourth, using LTL-associated SNPs, Mendelian
randomizations infer a causal role of LTL maintenance genes
in aging-related diseases (Nelson and Codd, 2020). On the
basis of these findings of precedence, that is, having short or
long telomeres precedes disease onset by decades, and
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PRINCIPLES OF HF CYCLING AND MAINTENANCE
HF anatomy and cycling

The HF is a prototypic epithelial‒mesenchymal interaction
system in which massively proliferating epithelial cells (hair
matrix keratinocytes [KCs]) undergo terminal differentiation
to become hair shaft‒forming trichocytes (Purba et al., 2017,
2016) with increasing distance from the mesenchymal command center of the HF, that is, inductive fibroblasts located in
the dermal papilla (Oh et al., 2016; Ohyama et al., 2010;
Schneider et al., 2009). This miniorgan includes neural crest‒
derived MCs, which inject melanosome-embedded melanin
granules into the differentiating KCs of the precortical hair
matrix (O’Sullivan et al., 2020; Tobin and Paus, 2001), and a
dense innervation network as well as various immunocyte
populations and a complex vasculature. The epithelial
component of the HF originates from epithelial HF SCs
located in the bulge, the most proximal tip of the hair matrix,
and the secondary hair germ.
The HF rhythmically and spontaneously runs through
massive, cyclical tissue remodeling events throughout the
entire lifespan (Schneider et al., 2009) (Figure 1). The HF
cycles from a state of relative quiescence (known as telogen),
during which no hair shaft formation occurs and the HF
reaches its minimal size, to prolonged phases of rapid and
massive growth (anagen), during which melanogenesis is
switched on and a progressively elongated, pigmented hair
shaft is generated by a maximally enlarged hair bulb. From
this state, the HF cycles back toward telogen through a short,
apoptosis-driven organ involution phase known as catagen
(Paus and Cotsarelis, 1999).
Without sufficiently large populations of functional HF
ESCs, HF cycling and regeneration or repair after damage
become impossible and HFs progressively vanish, leading to
permanent alopecia (Harries et al., 2018). Thus, from the
perspective of telomere biology, the functionally most important epithelial HF compartments are the anagen hair matrix
and epithelial HF SCs (Purba et al., 2017, 2016, 2014). TL
dynamics likely vary between HF MC subpopulations as well,
including quiescent melanocyte SCs in the bulge, proliferative
amelanotic MCs and/or melanoblasts in the lower outer root
sheath, and terminally differentiated MCs of the HFPU
(O’Sullivan et al., 2020; Sikkink et al., 2020).
HF pathology

The vast majority of patients with hair disorders suffer from an
undesired alteration of HF cycling: a shortened anagen results
in hair loss (effluvium, alopecia) and is also seen during the
transformation of terminal to vellus hairs in androgendependent male and female pattern balding. In contrast, prolonged anagen duration is seen in the cosmetically undesired
conversion of vellus into terminal hairs (hypertrichosis, hirsutism) (Pantelireis and Higgins, 2018; Paus and Foitzik, 2004).
Moreover, in conditions such as chemotherapy-induced alopecia, an exogenous trigger disrupts HF cycling and growth,
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Figure 1. Aging resistance in the
cycling human HF. Antioxidative
capacity of the human HF is attributed
to ROS scavenging molecules (e.g.,
catalase, melatonin), inducible
oxidative damage response controls
(e.g., NRF2), synthesis of
neurohormones influencing
mitochondrial function (TRH/TSH),
and various DNA repair mechanisms.
Similarly, the roles for telomerase and
IGF-1 are proposed in the context of
TL and TA in the HF. Figure was
modified from Cotsarelis (2006). HF,
hair follicle; NRF2, nuclear erythroid
factor 2- related factor 2; TA,
telomerase activity; TL, telomere
length; TRH, thyroid-releasing
hormone; TSH, thyroid-stimulating
hormone.

with the consequence of either temporary or permanent hair
loss, depending on whether the HF ESCs have been irreversibly damaged (Gao et al., 2019; Paus et al., 2013; Purba et al.,
2019). It remains to be explored whether alterations in TL in
HF ESCs in distinct HF regions and/or their progeny in the
outer root sheath and hair matrix are associated with human
hair diseases. These include not only chemotherapy- or
radiotherapy-induced alopecia but also cicatricial (scarring)
alopecia, androgenetic alopecia (AGA), telogen effluvium, and
long-standing cases of alopecia areata (Gao et al., 2019;
Miyachi et al., 2018; Trüeb and Tobin, 2010; Yoshida et al.,
2011) (Figure 2).
MOUSE MODELS OF HF TELOMERASE AND TELOMERE
SHORTENING
Mouse models, particularly telomerase-deficient mice, provide conceptual guidance for the experimental exploration of
telomere biology in human HFs. However, mice have robust
TA and very long telomeres in somatic tissues relative to
humans, with the longest telomeres present in SC-containing
compartments, including HF ESCs (Flores et al., 2008).
Therefore, genetically disrupting one of the two subunits of
the enzyme— Tert or Terc—over several generations is
required to attain mice with critically short telomeres that
impact the hair phenotype (Blasco et al., 1997; Buckingham
and Klingelhutz, 2011). Telomerase-deficient mice that have
achieved sufficiently short telomeres manifest defective
mobilization of HF SCs out of their niche, resulting in early
hair loss and hair graying accompanied by global defects in
wound healing and tissue regeneration (Buckingham and
Klingelhutz, 2011; Flores et al., 2005; Siegl-Cachedenier
et al., 2007). Moreover, third-generation Terce/e mice with
short telomeres show a reduced HF count and major abnormalities in the epithelial stem and/or progenitor cell populations of both the bulge and bulb; this global defect in HF
development results from impaired phosphorylated SMAD,
p63, and keratin signaling (Liu et al., 2019). Similarly,
epidermal-specific conditional knockout of TPP1, a

telomere-binding protein, impairs HF morphogenesis (Tejera
et al., 2010)
In contrast, restoration of TA by Tert overexpression in lategeneration Tert-knockout mice promotes HF SC mobilization,
rescuing defective hair growth and wound healing even in the
absence of changes in TL (Flores et al., 2005). Moreover,
deletion of p53 in telomerase-deficient mice abrogates a p53dependent senescence response that impairs HF SC activation
and HF cycling, thus restoring hair growth (Flores and Blasco,
2009). In rats, which exhibit TA in HF dermal SCs, a topically
applied telomerase transfection agent induced hTERT in the
bulge region, triggering the transition from telogen to anagen
to promote hair growth and HF neogenesis after wounding
(Hoogduijn et al., 2006). Finally, telomere shortening occurs in
HF ESCs of wild-type mice during normal aging (Flores et al.,
2008), and transgenic induction of murine epidermal Tert
causes increased hair growth owing to the activation and
proliferation of HF SCs in the bulge region, although this effect
appears to be TL independent (Jan et al., 2012). Taken
together, these rodent studies suggest that TA and TL are
important for normal HF SC development and function as well
as for physiologic HF cycling.
EXPLORATION OF HUMAN HF TELOMERE DYNAMICS
Study of HF biology in vitro, ex vivo, and in vivo

In contrast to most other organs, human HFs are readily
accessible, for example, as excess tissue obtained during
plastic surgery or hair transplantation surgery. These samples
can be microdissected, organ cultured (Langan et al., 2015;
Philpott, 2018; Purba et al., 2019), and used for in vitro,
ex vivo, and in vivo research (summarized in Table 1). For
example, telomerase knockdown in ex vivo microdissected
scalp HFs will enable examining whether telomerase regulates HF SC proliferation as it does in some rodent models
(Jan et al., 2012).
Study of telomere indices

Measurement of human TL parameters can be performed
using several methods (Baerlocher et al., 2006; Bendix et al.,
www.jidonline.org 1033
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Figure 2. Proposed roles of TL in human HF biology and pathology. (a) Young anagen HF with longer telomeres and low TA in the bulge region containing ESC,
melanocyte SC and longer telomeres but high TA in the proliferative bulb region containing KC and MCs of the HFPU. (b) In graying hair, bulge melanocyte SCs
with short telomeres senesce and limit new HFPU formation, whereas the ROS-sensitive aging HFPU accumulates endogenous and exogenous oxidative
damage that shortens telomeres and impairs pigment production; induction of TA might prevent age-associated graying. (c) In cicatricial (scarring) alopecia,
critically short telomeres in bulb SCs trigger senescence and apoptosis; with no progenitors and transient-amplifying cells, HF cycling and hair growth are
irreversibly halted. (d) Chemotherapy (e.g., taxanes) damages telomeres and/or low TA HF SCs and also shortens telomeres of the stress-sensitive HFPU.
Pretreatment with TA inducers might mitigate chemotherapy-induced HF aging and/or graying and hair loss. (e) Low HF aromatase activity may lower local
estrogen and/or progesterone levels; loss of transcriptional stimulation of hTERT production leads to shortened telomeres and premature HF entry into catagen,
contributing to AGA. (f) Noxious stimuli shorten hair matrix KC telomeres, limiting cycling of transient-amplifying cells and increasing apoptosis, leading to
anagen termination and/or catagen induction and telogen effluvium. AGA, androgenetic alopecia; ESC, epithelial stem cell; HF, hair follicle; HFPU, hair follicle
pigmentary unit; KC, keratinocyte; MC, melanocyte; SC, stem cell; TA, telomerase activity; TL, telomere length.

2010; Canela et al., 2007; Cawthon, 2002; Kimura et al.,
2010; Lai et al., 2017). Most methods measure the mean
lengths of the 92 telomeres on the p and q arms of the 23
human chromosomes. Because critically short telomeres
trigger cellular senescence (Debacq-Chainiaux et al., 2009;
Hemann et al., 2001; Zou et al., 2004), a more informative
parameter is the lengths of the shortest telomeres. Table 2
displays TL measurement methods and techniques to quantify TA, telomere dysfunction, and cellular senescence. Some
of these methods will be useful for studying telomere biology
in human HFs.
HUMAN HF TELOMERE DYNAMICS AND THEIR
CLINICAL IMPLICATIONS
Given the extreme scarcity of currently available data on TL
dynamics and function in human HF biology, developing a
clear conceptual framework is challenging. Yet, some outlines are delineated below and summarized in Figure 2aef.
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Telomerase and TL in human HFs

TA has been detected in the basal layer human epidermal
KCs but not in skin fibroblasts (Boukamp, 2005). The human epidermis has shorter telomeres and yet has a slower
rate of TL shortening than the dermis, in line with the
concept that telomerase regulates telomere maintenance in
the epidermis (Sugimoto et al., 2006). High TA has been
localized to the mitotically active bulb component of the
human anagen HF, with minimal levels in the bulge
(Ramirez et al., 1997) (Figure 2a). It is reasonable to suggest, therefore, that TL limit the number of replications of
KCs in the anagen hair matrix (Cotsarelis et al., 1990;
Purba et al., 2019, 2017, 2016). Whereas the replicative
potential of hair matrix KCs may not be a determinant of
anagen duration (Paus and Czarnetzki, 1994; Paus and
Foitzik, 2004), HF TA and TL may progressively decline
during HF aging. However, both have not yet been
formally demonstrated.
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Table 1. Hair Research Platforms Available for Experimental Assays
Experimental Platform

Potential Assays

Refs

In vitro isolation and expansion of HF subpopulations (outer
root sheath KCs, MCs, dermal papilla fibroblasts), including
HF ESCs (through keratin 15 promoter‒driven transient GFP
expression)

Range of omics analyses, including singlecell RNA sequencing.

Ramot et al. (2010), Takahashi et al. (2020), Tiede
et al. (2009)

Ex vivo microdissected and organ- cultured scalp HFs in
which anagen HFs generate pigmented hair shafts before
they spontaneously enter into catagen

Biochemical, cell biology,
pharmacological, immunohistological, and
gene expression studies.
Transcriptional silencing of defined genes.

Al-Nuaimi et al. (2014), Chéret et al. (2018), Langan
et al. (2015), Philpott (2018), Purba et al. (2016),
Samuelov et al. (2012)

Effects of topically applied agents.
Effects of transepidermal UV irradiation.

Bertolini et al. (2020), Gherardini et al. (2019)

Dynamic effects of topically applied agents
on grafted scalp skin from patients with or
without hair disorders.

Gilhar and Krueger (1987), Gilhar et al. (1988)

Study of proliferation and differentiation
parameters in the HF during phases of
cycling.

Purba et al. (2017, 2016)

Ex vivo full-thickness scalp skin organ culture
In vivo human scalp skin xenotransplanted onto SCID mice

In vivo HF specimens fixed, sectioned, and labeled with
immunohistochemical and/or immunofluorescent markers

Abbreviations: ESC, epithelial stem cell; HF, hair follicle; KC, keratinocyte; MC, melanocyte; Ref, reference; SCID, severe combined immunodeficiency.

Importantly, patients with dyskeratosis congenita, a genodermatosis attributed to mutations in telomerase genes TERT,
TERC, and DKC (Kirwan and Dokal, 2008), feature a hair
phenotype that includes both premature hair graying and hair
loss (Marciniak et al., 2000; Ratnasamy et al., 2018). Treatment of skin with T-oligos, which consist of an 11 base
oligonucleotide sequence that is homologous to the
sequence of a single-stranded telomeric overhang, increases
melanogenesis and skin pigmentation (Hadshiew et al.,
2008) and DNA repair activity and induces cell cycle arrest, perhaps by initiating early uncapping of the telomere
(Eller et al., 2002). T-oligo treatment of human anagen HF
ex vivo stimulates intrafollicular melanogenesis four-fold,
whereas the proliferation of hair matrix KCs is inhibited,
promoting hair matrix KC apoptosis and premature catagen
induction (Hadshiew et al., 2008), supporting important
functions of local TL dynamics and their modulation.
Whereas these observations suggest that maintenance of TL is
important for human HF growth, cycling, and pigmentation,
systematic studies are missing that confirm this role.
Open questions in HF TL dynamics and their clinical
implications

Several questions may guide future research on the role of
telomeres in human HF biology and identify novel targets for
therapeutic intervention in hair disorders.
How stringently are age-dependent intrafollicular TA and TL
linked to hair matrix KC proliferation, hair pigmentation, HF
aging, and/or the number of cycles through which a given HF
Because human HFs can only be kept for up to 3
can run?.

weeks in organ culture (Langan et al., 2015; Lu and
Ghazizadeh, 2007; Philpott, 2018), this question is best
addressed by xenotransplanting isolated scalp HFs (Oh et al.,
2016) or intact scalp skin to severe combined immunodeficiency mice (Gilhar et al., 2013), which get rapidly reinnervated and revascularized from the host skin bed. This enables
one to follow changes in human HF TA and TL long term in
defined key HF compartments (bulge, matrix, secondary hair
germ) over several months and human hair cycles in vivo.

Such an approach also enables comparing HFs of distinct
phases, early versus late hair cycles, and under conditions of
oxidative, physical, chemical, or inflammatory stress; pharmacological telomerase inhibition; or small interfering RNA‒
based enzyme silencing.
Do estrogens and/or androgens impact human HF TL dynamics?.
The role of androgens in AGA has been exten-

sively studied. Each HF is developmentally programmed
to respond to identically secreted and locally synthesized
sex steroid signals in a differential, location-dependent
manner (Heilmann-Heimbach et al., 2020, 2016;
Pantelireis and Higgins, 2018; Williams et al., 2020).
Whereas AGA has not been specifically examined in the
context of TL dynamics, the promoter region of the catalytic subunit of human telomerase, that is, hTERT, contains an estrogen response element, and hTERT transcript
levels vary in response to estrogen as well as progesterone
exposure in a time-dependent manner (Misiti et al., 2000;
Wang et al., 2000). Dihydrotestosterone, a potent
androgen receptor agonist, also regulates hTERT transcription and TA in vitro (Liu et al., 2010; Moehren et al.,
2008). Insufficient local estrogen levels, for example, due
to lower-than-normal intrafollicular aromatase activity in
the distinct female pattern balding variant of AGA (Redler
et al., 2017; Sánchez et al., 2018; Williams et al., 2020),
may thus decrease intrafollicular TA, leading to premature
catagen entry and hair loss (Figure 2e). Inhibiting hTERT
expression and/or TA by topical telomerase inhibitors
could then constitute a novel treatment principle for hirsutism and hypertrichosis. Conversely, telomerase might
be activated by topically applied commercially available
compounds in the treatment of AGA (Bernardes de Jesus
et al., 2012, 2011; Harley et al., 2013; Salvador et al.,
2016).
Might insufficient HF oxidative damage response systems account for damaged telomeres in the HFPU, thus promoting hair
graying?.
Besides exhibiting excellent DNA repair ca-

pacity, human HFs produce a host of antioxidants,
www.jidonline.org 1035
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Table 2. Methods to Evaluate Telomere Indices
Parameter
TL

Method
Southern blotting

Notes

Refs

The highly reproducible gold standard of TL measurements.

Kimura et al. (2010)

Measures (in kilobases) the mean and distribution of TRFs, which
includes subtelomeric region. Requires 2 mg DNA per sample—
labor intensive.

Telomere
damage

TA

qPCR

Measure mean TL as a ratio of the telomere product and a Ref single
gene. High throughput; requires 50 ng DNA. Modest reproducibility.

Cawthon (2002)

STELA

Measures single telomeres (in kilobases) principally on the p arms of
the human sex chromosomes. Captures short and/or ultrashort
telomeres. Very reproducible.

Baird et al. (2003)

Q-FISH

Measures telomeres in individual chromosomes; requires intact
metaphase cells. Unknown reproducibility.

Canela et al. (2007)

Flow-FISH

Measures telomeres in individual cells. Requires intact cells. Very
reproducible.

Baerlocher et al. (2006)

TeSLA

Measures single telomeres in TL distribution. Captures short and/or
ultrashort telomeres.

Lai et al. (2017)

Senescence associatedb-gal assay

Senescent cells express a b-gal activity that is visualized at pH 6.0.
Detectable in cells and tissues in vivo.

Debacq-Chainiaux et al. (2009)

TIF assay

Detects DNA damage foci at uncapped critically short telomeres
through the colocalization of antibodies against DNA damage
markers with antibodies against telomere complex proteins.

Mender and Shay (2015b), Takai
et al. (2003)

TRAP assay

Determines TA in cells and tissues through serial extension,
amplification, and detection of telomerase substrate.

Mender and Shay (2015a)

Abbreviations: b-gal, b-galactosidase; Q-FISH, quantitative FISH; Ref, reference; STELA, single telomere length analysis; TA, telomerase activity; TeSLA,
telomere shortest length assay; TIF, telomere dysfunction‒induced foci; TL, telomere length; TRAP, Telomere Repeat Amplification Protocol; TRF, terminal
restriction fragment.

enzymatic ROS scavenging systems, and prominent,
inducible NRF-2 activity to coordinate complex oxidative
damage responses (Fischer et al., 2008; Haslam et al.,
2017; Jadkauskaite et al., 2018; Slominski et al., 2005)
(Figure 1). This makes some HF populations, namely
auricular, nasal, and eyebrow HFs, age resistant. In
contrast, the HFPU ages early and rapidly and is very
sensitive to oxidative damage (O’Sullivan et al., 2020).
Similarly, human telomeres are hypersensitive to ROS and
are refractory to repair; moreover, short telomeres can
themselves induce DNA damage (Kawanishi and Oikawa,
2004; Rochette and Brash, 2010; von Zglinicki, 2002,
2000). In addition, senescent epidermal MCs have
recently been proposed to promote skin aging by
inducing paracrine telomere damage in surrounding cells
through increased ROS production (Victorelli et al.,
2019). HF MCs might similarly serve as cell distress
sensors, with paracrine signals from senescent melanocyte SCs and/or terminally differentiated HFPU MCs
increasing ROS production and inducing telomere damage and accelerated aging of the HFPU. Critical levels of
exogenous and endogenous oxidative stress might thus
cause rapid telomere shortening of the HFPU and
potentially promote hair graying (Figure 2b). This hypothesis is easily tested because the HF is accessible to
high doses of topically applied compounds that penetrate
to the level of the hair matrix, and cosmeceutical compounds demonstrating successful activation of telomerase
in various experimental systems are commercially available (Bernardes de Jesus et al., 2012, 2011; Harley et al.,
2013; Salvador et al., 2016). Therapeutic telomerase
activation in the HFPU might therefore protect the hair
matrix from aging-associated graying.
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Does the role of IGF-1 in quiescent HF SCs versus proliferating
hair matrix KCs mirror the dichotomous role of IGF-1 in the
longevity of model organisms versus that of humans?.
Most

proliferative systems, including human anagen scalp HFs,
require IGF-1 for growth (Chéret et al., 2018). Whereas the
knockout of IGF-1 increases longevity in model organisms
such as worms and flies (Altintas et al., 2016), in humans,
low blood levels of IGF-1 are associated with shorter LTL
(Kaplan et al., 2009; Yeap et al., 2020) and increased risk of
cardiovascular disease (Juul et al., 2002; Laughlin et al.,
2004). This suggests interspecies differences in TL modulation and further underscores the necessity to interrogate the
IGF-telomeres nexus in human tissue. The highly proliferative hair matrix requires IGF-1 to sustain anagen; indeed, it
is produced locally by HF KCs, and IGF-1 concentration is
highest in the area that neighbors the most rapidly proliferating cells. The quiescent ESCs in the human bulge,
however, show low-level IGF-1 protein expression (Paus
Lab, unpublished observation). Clearly, it is vital to identify
plausible molecular explanations that resolve the dichotomy of growth-sustaining and aging-promoting effects
of IGF-1 in relation to hTERT expression, TA, and TL in
distinct epithelial HF compartments. This might be attained
by the upregulation or downregulation in human skin and
HF organ culture of IGF-1 gene and of protein expression by
drugs, cosmeceuticals, and nutraceuticals (Alam et al.,
2020; Bodó et al., 2007; Chéret et al., 2018; Fischer et al.,
2008; Gherardini et al., 2019).
Is chemotherapy-induced alopecia an insult to HF telomeres?.
The HF shows complex, dose-dependent chemo-

therapy-induced damage responses that not only negatively
affect rapidly proliferating hair matrix KCs (Gao et al., 2019;
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Paus et al., 2013) but can also induce major HF ESC damage,
as has recently been shown for taxanes (Purba et al., 2019),
thereby promoting irreversible hair loss in a subset of patients. What remains to be studied, however, is how various
chemotherapeutic agents differ in their impact on TA and TL
in human epithelial cells and melanocyte SCs in the bulge.
Here, reduced TA and telomere attrition could exert longterm negative sequelae, including premature overall HF aging and graying (Figure 2d).
In this regard, pretreatment with topically applied TA inducers (Bernardes de Jesus et al., 2011; Salvador et al., 2016)
might represent a novel strategy for reducing the risk of permanent alopecia due to cancer therapy. In addition, patients
with cancer with longer telomeres are more likely to survive
the severe adverse effects of cancer therapies (Myllymäki
et al., 2020). Determining the constitutive TL in plucked HF
epithelium of a given patient at the time of chemotherapy
might help to determine whether individual patients are more
or less likely to resist tissue damage to HFs and other organs
as a consequence of chemotherapy-associated critical telomere shortening.
Can the HF be exploited as a model system to test therapies for
telomere biology disorders?.
Telomere biology disorders

are caused by rare germline mutations in genes with critical
roles in telomere function; as discussed above, dyskeratosis
congenita is one such condition in which TA is lost (Grill and
Nandakumar, 2020; Savage, 2018). Expression of both TERT
and TERC in KCs from patients with dyskeratosis congenita
can lead to extremely high levels of telomerase and significant extension of TL in human cells (Westin et al., 2007); in
fact, minimal telomerase activation by the expression of
TERC alone can maintain TL in dyskeratosis congenita KCs
(Gourronc et al., 2010). Because human HF can be transiently transfected (Tiede et al., 2009) and targeted by topical
agents (Gherardini et al., 2019), this might be an optimal
model system for testing novel therapeutics to determine their
ability to restore monogenic disease‒associated telomere
function directly in a human miniorgan ex vivo (Langan et al.,
2015).
CONCLUSIONS
At present, we have only minimal understanding of the role
of telomere biology in human hair graying or hair loss due to
natural causes, that is, AGA, or toxic compounds, that is,
cancer chemotherapy. The proliferative nature of the HF and
its dependence on SC function suggest that TL and its regulation may be more important in human HF biology and
pathology than has been appreciated so far. We have briefly
reviewed how human HFs might serve for clinically applied
research into TL dynamics in the cycling HF and its SCs and
have offered experimental platforms to explore key questions. The new knowledge produced by such research not
only can be translated into the development of novel
telomere-guided treatments for some hair disorders but may
also generate important insights into the regulation and
function of TL in other, much less easily accessible human
organs.
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genes in male-pattern alopecia: how important are they, how close are we
and what will they tell us? Exp Dermatol 2016;25:251e7.

Fischer TW, Slominski A, Tobin DJ, Paus R. Melatonin and the hair follicle.
J Pineal Res 2008;44:1e15.

Hemann MT, Strong MA, Hao LY, Greider CW. The shortest telomere, not
average telomere length, is critical for cell viability and chromosome stability. Cell 2001;107:67e77.

Flores I, Blasco MA. A p53-dependent response limits epidermal stem cell
functionality and organismal size in mice with short telomeres. PLoS One
2009;4:e4934.
Flores I, Canela A, Vera E, Tejera A, Cotsarelis G, Blasco MA. The longest
telomeres: a general signature of adult stem cell compartments. Genes Dev
2008;22:654e67.
Flores I, Cayuela ML, Blasco MA. Effects of telomerase and telomere length
on epidermal stem cell behavior. Science 2005;309:1253e6.
Gao Q, Zhou G, Lin SJ, Paus R, Yue Z. How chemotherapy and radiotherapy
damage the tissue: comparative biology lessons from feather and hair
models. Exp Dermatol 2019;28:413e8.
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